Carbide slag is a waste residue during the production of acetylene. Due to its high content of Ca(OH) 2 , carbide slag becomes a potential alternative to limestone as the in-bed desulfurizer of circulating fluidized bed (CFB) boilers. In this study, the calcination and sulfation characteristics of carbide slag were investigated by three different facilities, thermogravimetric analyzer (TGA), 1 MW th pilot CFB boiler, and 690 t·h −1 CFB boiler. Pore structures and sulfation behaviors of carbide slag and limestone were investigated for the sake of comparison. The results showed that carbide slag has a lower calcination temperature than limestone. Its calcined product has a better pore structure and desulfurization activity. The carbide slag exhibited a higher desulfurization efficiency than the limestone in the pilot tests. The SO 2 emission concentration showed a downward trend with the increase of molar fraction of carbide slag in the desulfurizer. Meanwhile, carbide slag had a better sintering-resistance property, which makes it possible to effectively reduce SO 2 emissions even at high combustion temperatures (> 910 • C). While the field test results were similar to that of the pilot tests, the desulfurization efficiency of carbide slag with the same Ca/S mole ratio was higher than that of limestone. The fine size of carbide slag particles and the lower separation efficiency of the cyclone on the 690 t·h −1 boiler left the carbide slag with insufficient residence time in the furnace. Therefore, it is necessary to ensure a high separation efficiency of the cyclone if the carbide slag is used as an alternative desulfurizer in furnace.
Introduction
Compared to the other main boiler types of coal-fired power plants, the circulating fluidized bed (CFB) boiler has many advantages, such as wide fuel adaptability, low-cost in-bed desulfurization, and low NO x emission. The CFB boiler has achieved significant development in recent years [1] . SO 2 emission can be effectively controlled by adding limestone into the furnace [2] . Compared with the pulverized coal boiler, the CFB boiler does not require the construction of expensive wet flue gas desulfurization (WFGD) systems, which would reduce investment and complexity of the whole power plant [3] . Basu [4] found that SO 2 emission and utilization of sorbents in CFB boilers could be affected by many design and operating parameters, including combustion temperature, circulation rate and bed density, gas and solid residence time, pore characteristics, and sorbent size. To improve the properties of sorbents, several methods were proposed by Ahlstrom Pyropower [5] , such as physical grinding of particles, dehydration of spent sorbents with steam or water, slurrying, and reinjection of ash. However, the CFB boiler would be expensively retrofitted by using these technologies. Nowak and Mirek [3] pointed out that SO 2 emission can be reduced by 90% through adding the sorbent into fuel with the Ca/S molar ratio of 2.5 to 4. However, more attention should be paid to the type of fuel and sorbent. A lot of technical methods for emission reduction have been studied and used with CFB boilers to achieve better results. Some CFB boilers adopt 900 • C as the bed temperature to improve combustion efficiency but some researchers, including Ehrlich et al. [6] , found that desulfurization efficiency reached the best value in the range of 800 to 850 • C. The reaction rate decreased when the temperature increased, while the sulfation rate rose rapidly, which blocked pores of calcium oxides. As a result, the utilization of the sorbent was inhibited. This situation occurred in most commercial CFB boilers [7] . In these boilers, when the furnace temperature rose above 900 • C, the consumption of sorbent increased. Some countries have very strict environmental standards, such as China which has ultra-low emission standard [8] . To meet these standards, many efforts have to be made to improve the desulfurization efficiency with relatively low cost. Thus, it is important to find an effective but low-cost sorbent as an alternative to limestone.
A few researchers [9] [10] [11] [12] [13] have carried out research to find a substitute to limestone as the desulfurizer from industrial waste containing Ca. Yin et al. [9] added red mud to a loose coal and found that the presence of red mud could significantly fix the sulfur with fixation rates over 79%. Li et al. [10] compared the sulfation behavior of limestone and white mud from paper manufacture as SO 2 sorbent at fluidized bed combustion temperatures on a thermogravimetric analyzer (TGA). They found the white mud showed better sulfation capacity than the limestone, as the surface area of the calcined white mud was approximately twice as large as the calcined limestone at the same calcination temperature. Liu et al. [11] evaluated white clay, carbide slag, and steel slag as SO 2 sorbent in a 6 t·h −1 industrial grate furnace. They found that a nearly 50% reduction in SO 2 emission was achieved. Moreover, Yu et al. [12] investigated the desulfurization performance of several alkaline waste slags, including carbide slag, alkaline slag, waste marble, and limestone in an absorber bottle. They found that both carbide slag and alkaline slag exhibited much higher desulfurization capacity compared to waste marble and limestone. Cheng et al. [13] compared the SO 2 capture capacity of three industrial wastes, including calcium carbide residue, brine sludge, and white lime mud at 1000-1600 • C in a fixed bed. They found that white lime mud gave the highest desulfurization efficiency of 80.4% at 1000 • C in coal combustion. All of these results confirmed that industrial wastes containing Ca have the potential to be reused as alternative desulfurizers.
As mentioned above, carbide slag is a promising candidate for the alternative in-bed desulfurizer. Carbide slag is typically a by-product during the hydrolysis process of calcium carbide (CaC 2 ) in the production of acetylene. The main component of carbide slag is Ca(OH) 2 [14] . More than 40 million tons of carbide slag is produced per year all over the world [15] . However, carbide slag is difficult to reuse. It is ordinarily landfilled, resulting in land occupation, environmental pollution, and waste of a calcium resource. Carbide slag is likely to contaminate soil and groundwater because it is strong alkaline (pH > 12). Wu et al. [16] studied SO 2 adsorption by carbide slag and limestone in the fixed bed and found that carbide slag possessed higher SO 2 adsorption capacity than limestone at 700 • C. Similar studies were also conducted by Liu et al. [11] and Yu et al. [12] , both of which confirmed the potential in desulfurization.
Because the main components of carbide slag are different from limestone, and the particle size of carbide slag is smaller, the desulfurization activity is also different, which may affect its substitution for limestone as a desulfurizer. To our knowledge, most of the studies have been carried out on TGA, fixed bed, or laboratory-scale CFB. Due to the limitations of test conditions, it is not possible to simulate working conditions similar to the real CFB boiler on these devices. Thus these research results may not be applied to directly guide the application of carbide slag on the CFB boiler. So the aim of this work was to study the feasibility of taking the carbide slag as in-bed desulfurizer in large-scale CFB boilers. Calcination and sulfation characteristics of carbide slag were investigated through TGA. The effects of bed temperature especially the higher bed temperature, Ca/S mole ratio of carbide slag and limestone were explored in two different scale facilities, i.e., a 1 MW th pilot CFB boiler and a 690 t·h −1 CFB boiler.
Experimental Design

Limestone, Carbide Slag and Coal
In order to make the investigation more practical and applicable, the coal, limestone, and carbide slag were all from an industrial power plant. Table 1 shows the proximate and ultimate analyses of the coal used in this study. As the waste residue produced by the hydrolysis of calcium carbide, the main component in carbide slag is Ca(OH) 2 . During the static dehydration process in the open air, a part of Ca(OH) 2 reacts with CO 2 to form CaCO 3 . Table 2 shows the composition analysis of limestone and carbide slag. It is obvious that the CaO content in the carbide slag is higher than that in the limestone. The bulk density of carbide slag is only 0.55 g cm −3 , which is much lower than that of limestone. Lyngfelt et al. [17] found that particle size distribution (PSD) is one of the key factors that determines the sulphur capture performance. Due to the limitation of separation efficiency, the fine-grained desulfurizer cannot be captured effectively by the cyclones, which shortens its residence time in the furnace. The coarse particles have sufficient residence time, but their specific surface areas are small, which is not conducive to the desulfurization reaction in the furnace. Therefore, the desulfurizer needs to have a suitable PSD. Its optimum PSD is generally similar to that of the circulating ash. The PSD of limestone and carbide slag is shown in Figure 1 . The mean size of limestone is 486.8 µm, whereas for carbide slag it is only 52.5 µm. The carbide slag is significantly finer, which has a certain impact on its desulfurization reaction in the furnace. Because there was no other limestone with more satisfactory particle size that could be purchased around the power plant of the 690 t·h −1 CFB boiler, this limestone with coarser particle size was selected to be fed into the furnace. In the 1 MW th pilot CFB boiler and 690 t·h −1 CFB boiler tests of this paper, this same kind of coarse limestone was also used. This kind of limestone is coarser than the one usually used in CFB boiler. Besides, the diameter of the return leg of the 1MW th pilot CFB boiler was smaller, so the sorbent could only be added directly into the fuel. Appl. Sci. 2019, 9, 
Brief Introduction of 1 MWth Pilot Boiler and 690 t·h −1 CFB Boiler
In order to better study the feasibility of using carbide slag as the alternative desulfurizer in a CFB furnace, experiments were carried out on a 1 MWth pilot-scale boiler and a 690 t·h −1 industrial boiler, respectively. The influence of different operating parameters, including bed temperature, types of desulfurizer, Ca/S mole ratio of limestone, and carbide slag on the desulfurization reactions in furnace are discussed in detail.
The schematic diagram of a 1 MWth pilot CFB boiler is shown as Figure 2 . The height of the furnace was 23 m, which was close to the typical height of the industrial CFB furnaces, ensuring the sufficient burn-out time of fuel particles. The cross-section of the air distributor was 0.175 m × 0.351 m, whereas the cross size of dilute phase zone was 0.351 m × 0.351 m. There were some groups of additional water-cooled tubes on the top of the dilute phase zone. The temperature of each zone in the furnace could be effectively controlled by adjusting the flow rate of cooling water in heating surfaces. A total of 43 thermocouples and 32 pressure or differential pressure measuring points were arranged in the system to monitor its operating conditions. 
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Results and Discussion
Comparison of Reactivity between Limestone and Carbide Slag
In order to study the desulfurization activity of limestone and carbide slag, the calcination and sulfation tests of these two desulfurizer particles were carried out using a PRT-1 thermogravimetric analyzer (TGA, Beijing Optical Instrument Factory, China). In the calcination test, 100 mg of limestone or carbide slag particles with a given size (0.25-0.425 mm) were calcined under an air atmosphere, respectively. The reactor temperature was raised from room temperature to 1100 °C at a rate of 20 °C min −1 . The flow rate of reaction gas was kept constant at 0.5L min −1 . Figure 4 shows the differential thermogravimetry (DTG) curves of limestone and carbide slag during the calcination process. The two curves are quite different. Only one peak can be found from the limestone curves, which was caused by the thermal decomposition of CaCO3. It decomposed from 637 to 851 °C and reached its maximum decomposition rate at 827 °C. Weight loss of carbide slag calcination was divided into two parts. In the first stage, weight loss of Ca(OH)2 decomposition took 6 min. The initial and final decomposition temperatures were 406 and 515 °C, respectively. The maximum reaction rate was 4.00 mg·min −1 and the corresponding temperature was 479 °C. In the second stage, weight loss of CaCO3 decomposition lasts for 11 min. The initial and final decomposition temperatures were 604 and 782 °C, respectively. The maximum reaction rate was 3.90 mg·min −1 and the relevant temperature was 750 °C. Carbide slag exceeded limestone in 
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calcined limestone and carbide slag samples are determined by a low-temperature N2 adsorption method. The pore structure parameters and pore size distributions of different desulfurizers could be obtained by using the appropriate calculation model. The Brumauer-Emmett-Teller (BET) method [22] is the most commonly used method for determining the pore surface area and distribution of porous materials, while the specific pore volume of the desulfurizer is calculated by the Barrett-Joyner-Halenda (BJH) equation [23] , which is based on the Kelvin and Halsey equation. Based on the data measured by the BELsorp Mini II analyzer (Microtrac-BEL Crop., Japan), the pore structure parameters were calculated. The comparison of specific surface area, specific pore volume, and average pore size of calcined limestone and carbide slag particle are shown as Figure  5 . The larger specific surface area and specific pore volume indicate that the calcined carbide slag is more likely to react with SO2 than the calcined limestone. Carbide slag has a lot of Ca(OH)2 while limestone has a lot of CaCO3. During decomposing, both will release CaO. However, CaO decomposed from Ca(OH)2 has better porosity and specific area than that from CaCO3. So carbide slag may have better desulfurization performance. During the calcination process, the release of CO 2 will form some pores on the surface and inside of particles [18] . These pores create the pathways for the diffusion of SO 2 into the interior of particles and the occurrence of desulfurization reactions. Different pore structure will significantly affect the reactivity of limestone or carbide slag. SO 2 and O 2 molecules diffuse from the CaO surface into the micropores. Then these molecules are absorbed and gradually diffused through the product layer to reach the unreacted CaO layer [19] . Therefore, the specific surface area, specific pore volume, and pore size distribution will directly affect the sulfation process and the reaction rate of CaO particles. The specific surface area reflects the size of the gas-solid reaction interface, whereas the specific pore volume reflects the size of the diffusion space for the gas molecule. Since CaSO 4 has a larger molar volume than CaCO 3 and CaO (52.2, 36.9, and 16.8 cm 3 mol −1 , respectively) [20] , the produced CaSO 4 blocks the pores, leaving a large amount of unreacted CaO inside the particles, and reducing the utilization of the desulfurizer [21] . For the CaO with large pore size, the blockage can be delayed and the effective reaction time will be prolonged. The pore properties of calcined limestone and carbide slag samples are determined by a low-temperature N 2 adsorption method. The pore structure parameters and pore size distributions of different desulfurizers could be obtained by using the appropriate calculation model. The Brumauer-Emmett-Teller (BET) method [22] is the most commonly used method for determining the pore surface area and distribution of porous materials, while the specific pore volume of the desulfurizer is calculated by the Barrett-Joyner-Halenda (BJH) equation [23] , which is based on the Kelvin and Halsey equation.
Based on the data measured by the BELsorp Mini II analyzer (Microtrac-BEL Crop., Japan), the pore structure parameters were calculated. The comparison of specific surface area, specific pore volume, and average pore size of calcined limestone and carbide slag particle are shown as Figure 5 . The larger specific surface area and specific pore volume indicate that the calcined carbide slag is more likely to react with SO 2 than the calcined limestone. Carbide slag has a lot of Ca(OH) 2 while limestone has a lot of CaCO 3 . During decomposing, both will release CaO. However, CaO decomposed from Ca(OH) 2 has better porosity and specific area than that from CaCO 3 . So carbide slag may have better desulfurization performance. The sulfation tests of the calcined products were also carried out on the TGA to compare the desulfurization capacity of these two desulfurizers. The reactor temperature was 850 °C, and the simulated flue gas was used as the reaction gas with a flow rate at 0.5 L min −1 . The balanced gas (N2), 5% of O2, and 3000 ppm SO2, were monitored separately by the flow meters and well mixed in the gas tank before feeding into the reactor. Figure 6 presents the CaO conversion rate of these two desulfurizers. Compared with previous studies [24] , the CaO conversion rate of both desulfurizers was relatively low. The particles in this study were a bit larger (0.25-0.425 mm) than those in previous studies, which may have caused the bad mass transfer between gas and solid to slow down the sulfation rate of CaO. It can be seen from Figure 7 that as the reaction proceeded, the curve for limestone flattened, which meant the reaction gradually slowed down. The CaSO4 formed by the sulfation reaction covered the surface of particles, clogging the micro-pores, and hampering the further reactions of limestone. With the reaction proceeding, its mechanism switched from the initial kinetics-controlled mode to the diffusion-controlled mode. The sulfation rate mainly depended on the diffusion of reactants or solid ions in the produced CaSO4 layer, which is consistent with the study of Las et al. [25] The CaO conversion curve of carbide slag was almost a straight line and it was higher than that of limestone at the reaction time because the reaction time of 60 min was much longer than that of desulfurization reaction in furnace. This indicates that the sulfation of carbide slag was always in the kinetics-controlled stage during the whole sulfation process. The well-developed pore structure of calcined carbide slag brings higher reactivity to its sulfation. Khan et al. [26] found that the H2O released during the calcination created and enlarged pores in Ca(OH)2, which exposed greater surface areas for subsequent sulfation reactions. Borgwardt [27] and Silcox et al. [28] found that the small-particle limestone calcination reaction produced a richer pore structure, a larger specific surface area, and a higher reaction rate in the sulfurization reaction. Laursen et al. [29, 30] found that the addition of alkali metal ions improved the sulfur capture capacity of limestone. Thus the higher content of K2O may also promote the sulfation of carbide slag. Garcıá-Martıńez et al. [31] found that the thermal treatment of Ca(OH)2 formed CaO sorbents with high activity to retain SO2. Nowak and Mirek [3] summarized the research results of predecessors and found that the sulfation rate and sulfation degree of a limestone particle were the function of many parameters, including limestone particle size, structure, porosity after calcination, temperature, gas velocity around the particle, and CaO content and impurities. The sulfation tests of the calcined products were also carried out on the TGA to compare the desulfurization capacity of these two desulfurizers. The reactor temperature was 850 • C, and the simulated flue gas was used as the reaction gas with a flow rate at 0.5 L min −1 . The balanced gas (N 2 ), 5% of O 2 , and 3000 ppm SO 2, were monitored separately by the flow meters and well mixed in the gas tank before feeding into the reactor. Figure 6 presents the CaO conversion rate of these two desulfurizers. Compared with previous studies [24] , the CaO conversion rate of both desulfurizers was relatively low. The particles in this study were a bit larger (0.25-0.425 mm) than those in previous studies, which may have caused the bad mass transfer between gas and solid to slow down the sulfation rate of CaO. It can be seen from Figure 7 that as the reaction proceeded, the curve for limestone flattened, which meant the reaction gradually slowed down. The CaSO 4 formed by the sulfation reaction covered the surface of particles, clogging the micro-pores, and hampering the further reactions of limestone. With the reaction proceeding, its mechanism switched from the initial kinetics-controlled mode to the diffusion-controlled mode. The sulfation rate mainly depended on the diffusion of reactants or solid ions in the produced CaSO 4 layer, which is consistent with the study of Las et al. [25] The CaO conversion curve of carbide slag was almost a straight line and it was higher than that of limestone at the reaction time because the reaction time of 60 min was much longer than that of desulfurization reaction in furnace. This indicates that the sulfation of carbide slag was always in the kinetics-controlled stage during the whole sulfation process. The well-developed pore structure of calcined carbide slag brings higher reactivity to its sulfation. Khan et al. [26] found that the H 2 O released during the calcination created and enlarged pores in Ca(OH) 2 , which exposed greater surface areas for subsequent sulfation reactions. Borgwardt [27] and Silcox et al. [28] found that the small-particle limestone calcination reaction produced a richer pore structure, a larger specific surface area, and a higher reaction rate in the sulfurization reaction. Laursen et al. [29, 30] found that the addition of alkali metal ions improved the sulfur capture capacity of limestone. Thus the higher content of K 2 O may also promote the sulfation of carbide slag. García-Martínez et al. [31] found that the thermal treatment of Ca(OH) 2 formed CaO sorbents with high activity to retain SO 2 . Nowak and Mirek [3] summarized the research results of predecessors and found that the sulfation rate and sulfation degree of a limestone particle were the function of many parameters, including limestone particle size, structure, porosity after calcination, temperature, gas velocity around the particle, and CaO content and impurities. Appl. Sci. 2019, 9, x 9 of 16 
The 1MWth Pilot CFB boiler Tests
Because of the similar heat and mass transfer characteristics to the industrial furnace and the flexibility of boiler operation, the 1 MWth pilot CFB boiler gives us a tool to explore the effects of different operating parameters on the performance of desulfurizers. Anthony et al. [32] found that the factors affecting the desulfurization in the limestone furnace mainly included the molar ratio of calcium to sulfur, temperature, reaction atmosphere, limestone reactivity, and limestone particle size.
The Ca/S mole ratio of carbide slag and limestone can be calculated as where mlim is the Ca/S mole ratio of limestone; Blim is the limestone consumption, t·h −1 ; ηCaCO3 is the CaCO3 content in limestone, %; Bcoal is the coal consumption, t·h −1 ; and Sar is the sulfur content in coal, %. where mcs is the Ca/S mole ratio of carbide slag; Bcs is the carbide slag consumption, t·h −1 ; and ηCa(OH)2 is the Ca(OH)2 content in carbide slag, %. Figure 7 presents the effect of bed temperature on the original SO2 emission. The SO2 concentration increased with increasing bed temperature in the range of 845-945 °C, which is also the typical combustion temperature of CFB boilers. Since CaCO3 or CaO are one of the main components in coal ash, it has self-desulfurization ability during the combustion process [33] . When the temperature increases over 900 °C, the high temperature may cause the sintering of coal ash and the re-decomposition of the produced CaSO4, resulting in a rise in SO2 emission. Therefore, from the perspective of emission control, the bed temperature must be controlled within a reasonable range. Figure 8 shows the SO2 emission concentrations at different Ca/S mole ratios. It can be seen that the desulfurization efficiency can be improved to a certain extent with the increase of Ca/S mole ratio. In Figure 8a , with the increase of Ca/S molar ratio of limestone, SO2 emission could be reduced but SO2 emission increased rapidly with the increase of bed temperature. At the bed temperature of 940 °C, the desulfurization effect of limestone with low Ca/S molar ratio was limited, and the SO2 concentration was more than 2000 mg·m −3 . However, for Figure 8b , increasing the Ca/S mole ratio of carbide slag had a more obvious impact on improving desulfurization efficiency. A low SO2 emission could be reached by adding more desulfurizer into the furnace even at a relatively high temperature. But for limestone or carbide slag, there is an optimum temperature range. When the temperature grows over 910 °C, the desulfurization efficiency decreased rapidly. Compared with the limestone, the carbide slag had higher content of Fe2O3 and SiO2 (seen from Table 2 ), which can form the glassy ferric oxide and silicate with high-temperature resistance [34] and prevent the further decomposition of CaS and CaSO4. General speaking, the carbide slag was less sensitive to the bed temperature than the limestone. Its desulfurization efficiency was still high even at 940 °C, which meant the carbide slag had stronger resistance to sintering. Compared with Figure 8a ,b, it can be seen that the desulfurization performance of the carbide slag was significantly better than that of the limestone. 
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The 690 t·h −1 CFB Boiler Field Tests
Saastamoinen [35] found that small particles were reactive but they had a short residence time depending on the separation efficiency of the cyclone. With large particles, the residence time was longer, but the rate and degree of sulfur capture were lower. Therefore, the structure of the cyclone vortex finder of the 690 t·h −1 CFB boiler is retrofitted, which is shown in Figure 9 . Because the three separators are of exactly the same size, only one of them is drawn. As can be seen from Figure 10 , PSD of fly ashes in the 690 t·h −1 CFB boiler had been greatly improved. The particle size of limestone and carbide slag during the 690 t·h −1 CFB boiler test was close to that of the 1MW th pilot CFB boiler.
Because the desulfurizer supply point was different, the results of the 690 t·h −1 CFB boiler test and the 1MW th pilot CFB boiler test were different. Overall, the limestone and the carbide slag had worse desulfurization performance in the 690 t·h −1 CFB boiler than in the 1MW th pilot CFB boiler.
depending on the separation efficiency of the cyclone. With large particles, the residence time was longer, but the rate and degree of sulfur capture were lower. Therefore, the structure of the cyclone vortex finder of the 690 t·h −1 CFB boiler is retrofitted, which is shown in Figure 9 . Because the three separators are of exactly the same size, only one of them is drawn. As can be seen from Figure 10 , PSD of fly ashes in the 690 t·h −1 CFB boiler had been greatly improved. The particle size of limestone and carbide slag during the 690 t·h −1 CFB boiler test was close to that of the 1MWth pilot CFB boiler. Because the desulfurizer supply point was different, the results of the 690 t·h −1 CFB boiler test and the 1MWth pilot CFB boiler test were different. Overall, the limestone and the carbide slag had worse desulfurization performance in the 690 t·h −1 CFB boiler than in the 1MWth pilot CFB boiler. Table 3 is the matrix of field tests on the 690 t·h −1 CFB boiler. In all the tests, the bed temperature was maintained around 915 °C for at least 4 h. Figure 11 shows the bed temperature curve and the original emission of SO2 without any desulfurizer addition. The average SO2 concentration was 2515 mg·m −3 . In the test, it was found that even temperature increases of 10-15 °C brought about a large increase in the SO2 emission. Table 3 is the matrix of field tests on the 690 t·h −1 CFB boiler. In all the tests, the bed temperature was maintained around 915 • C for at least 4 h. Figure 11 shows the bed temperature curve and the original emission of SO 2 without any desulfurizer addition. The average SO 2 concentration was 2515 mg·m −3 . In the test, it was found that even temperature increases of 10-15 • C brought about a large increase in the SO 2 emission. Figure 12 shows the average SO 2 emission for all the field tests. When Ca/S = 2, SO 2 concentration with limestone addition was 949 mg·m −3 (showen in Table 3 , test 2-1), whereas for carbide slag this concentration increased to 1044 mg·m −3 (test 3-1, original design of cyclone vortex finder) and decreased to 743 mg·m −3 (test 3-3, improved design of cyclone vortex finder). For Ca/S = 3, the three corresponding values for SO 2 concentration were 586 mg·m −3 (test 2-2), 884 mg·m −3 (test 3-2, original design of cyclone vortex finder), and 342 mg·m −3 (test 3-4, improved design of cyclone vortex finder). That means in the 690 t·h −1 CFB boiler, the desulfurization efficiency of carbide slag was higher than that of limestone after the cyclone modification. Besides the bed temperature and desulfurizer type, the most important factor for the desulfurization efficiency is the effective residence time of desulfurizer in the furnace [36, 37] , which largely depends on the particle size and separation efficiency of cyclones. From Figure 10 , it is obvious that the mean particle size of fly ash in the 1 MW th pilot CFB boiler was smaller than that in the 690 t·h −1 CFB boiler, which meant that the separation efficiency of cyclone in the 1 MW th pilot CFB was higher. The finer carbide slag particles could build an effective circulation route and prolong the residence and reaction times in the furnace. Before the cyclone modification for the 690 t·h −1 CFB boiler, large amounts of carbide slag particles were smaller than the cutting size of the cyclones because of the lower separation efficiency. After being added to the furnace, and passing through the furnace, the finer particles could not be captured by the cyclone. Therefore, in order to utilize the carbide slag as a resource and achieve better desulfurization efficiency, it is necessary to modify the structure of cyclone and improve its separation efficiency. Figure 12 shows the average SO2 emission for all the field tests. When Ca/S = 2, SO2 concentration with limestone addition was 949 mg·m −3 (showen in Table 3 , test 2-1), whereas for carbide slag this concentration increased to 1044 mg·m −3 (test 3-1, original design of cyclone vortex finder) and decreased to 743 mg·m −3 (test 3-3, improved design of cyclone vortex finder). For Ca/S = 3, the three corresponding values for SO2 concentration were 586 mg·m −3 (test 2-2), 884 mg·m −3 (test 3-2, original design of cyclone vortex finder), and 342 mg·m −3 (test .3-4, improved design of cyclone vortex finder). That means in the 690 t·h −1 CFB boiler, the desulfurization efficiency of carbide slag was higher than that of limestone after the cyclone modification. Besides the bed temperature and desulfurizer type, the most important factor for the desulfurization efficiency is the effective residence time of desulfurizer in the furnace [36, 37] , which largely depends on the particle size and separation efficiency of cyclones. From Figure 10 , it is obvious that the mean particle size of fly ash in the 1 MWth pilot CFB boiler was smaller than that in the 690 t·h −1 CFB boiler, which meant that the separation efficiency of cyclone in the 1 MWth pilot CFB was higher. The finer carbide slag particles could build an effective circulation route and prolong the residence and reaction times in the furnace. Before the cyclone modification for the 690 t·h −1 CFB boiler, large amounts of carbide slag particles were smaller than the cutting size of the cyclones because of the lower separation efficiency. After being added to the furnace, and passing through the furnace, the finer particles could not be captured by the cyclone. Therefore, in order to utilize the carbide slag as a resource and achieve better desulfurization efficiency, it is necessary to modify the structure of cyclone and improve its separation efficiency. 
Conclusions
The desulfurization experiments were carried out on TGA, a 1 MWth pilot CFB boiler, and a 690 t·h −1 boiler to explore the feasibility of carbide slag as an alternative in-bed desulfurizer for the coal-fire CFB plant. The following conclusions can be drawn:
(1) Compared with the limestone, the carbide slag had significantly finer particle size and a lower calcination temperature. Its calcined product had a better pore structure and desulfurization activity. The sulfation of carbide slag was always in the kinetics-controlled stage during the whole sulfation process.
(2) The carbide slag exhibited higher desulfurization efficiency in the pilot tests, which is conducive to saving the amount of desulfurizer. At the same time, it had better sintering-resistance 
The desulfurization experiments were carried out on TGA, a 1 MW th pilot CFB boiler, and a 690 t·h −1 boiler to explore the feasibility of carbide slag as an alternative in-bed desulfurizer for the coal-fire CFB plant. The following conclusions can be drawn:
(2) The carbide slag exhibited higher desulfurization efficiency in the pilot tests, which is conducive to saving the amount of desulfurizer. At the same time, it had better sintering-resistance properties, which makes it possible to effectively control SO 2 emissions even at high combustion temperatures (>910 • C).
(3) The mean size of carbide slag was only 52.5 µm. Therefore, different results appeared in the field test. When the separation efficiency of the cyclone was low, the desulfurization efficiency of carbide slag was inferior than limestone. When the separation efficiency of the cyclone was high, the desulfurization efficiency of the carbide slag was better than limestone.
(4) The desulfurization efficiency of carbide slag with the same Ca/S mole ratio was higher than that of limestone after cyclone vortex finder modification. When Ca/S = 2, the average SO 2 emission concentration using carbide slag was 78.3% of limestone, and for Ca/S = 3, the result was 58.4%.
